ABSTRACT The Monterey pine aphid, Essigella californica Essig, is a recent incursion into Australia. Its sudden and rapid spread into commercial Pinus radiata D. Don plantations has caused concern to the forestry industry. Laboratory-based development studies showed that the apterous morph has three instars rather than the four typical of aphids. This difference was validated by an analysis of Þeld-collected samples. The adaptive signiÞcance of this Þnding is discussed in relation to other aspects of this speciesÕ life history.
THE MONTEREY PINE APHID, Essigella californica Essig, is a recent incursion into Australia. First detected in March 1998 on Pinus radiata D. Don in Canberra, it has since been detected in New South Wales, Victoria, southern Queensland, South Australia (Carver and Kent 2000) and more recently in Western Australia (J. Farr, personal communication) and Tasmania (D. Bashford, personal communication) . E. californica is a native of western North America, where its distribution ranges from southern British Columbia to southern Mexico and east to Nebraska, with an additional record from Miami, Florida (Sorensen 1994 ). E. californica has also been recorded in France (Turpeau and Remaudiè re 1990) , Spain (Seco Fernández and Mier Durante 1992) , southern Brazil (Zonta de Carvalho and Noemberg Lazzari 2000) , and New Zealand (Carver and Kent 2000) . The spread from its native habitat is likely to be associated with the popularity of its native host Pinus spp. as commercial softwood timber. Although not generally regarded as a signiÞcant economic pest in its native habitat, E. californica can cause esthetic problems to ornamental P. radiata, due to the copious production of honeydew leading to the growth of sooty mold (Ohmart 1981) . It has also been associated with localized damage in France with yellowing of needles that sometimes extends to the whole branch (Turpeau and Remaudiè re 1990) .
E. californica is a small, elongated aphid ranging from pale to lime green (Blackman and Eastop 1994, Sorensen 1994) . Highly excitable and mobile, they feed singly on needles rather than in colonies (Ohmart 1981) . Their major hosts are Pinaceae, mainly Pinus, but also Pseudotsuga (Sorensen 1994) . They have a sexual reproductive stage (holocyclic) at high altitudes in North America but are only parthenogenetic (anholocylic) elsewhere (Sorensen 1994) . Little is known about E. californicaÕs general biology and ecology (Blackman and Eastop 1994 , Sorensen 1994 , Carver and Kent 2000 .
In preliminary studies undertaken to determine the pest status of E. californica in Australia, the number of nymphal stages taken for the development to apterous adult was different from that normally expected for aphids. Here, we report on the number of instars and characterize each instar by using morphological features.
Materials and Methods
Aphids were sourced from an E. californica culture maintained on 10-month-old P. radiata seedlings in controlled conditions (photoperiod of 16:8 [L:D] h; 20ЊC). The culture was developed from aphids sourced from a commercial pine plantation located at Mt. Stromlo in the Australian Capital Territory (35Њ 19Ј S 148Њ 59Ј E). It is assumed that the results obtained using the culture are comparable with results that would have been obtained using a North American population, because Australian specimens look very much like the north California coastal populations of E. californica and are probably an anholocyclic strain (J. Sorensen, personal communication) .
Lighting was provided by a mix of cool, white 58-W ßuorescent tubes and 58-W Grolux tubes. To collect newborn nymphs, individual adult aptera were caged in 00 gelatin capsules (Parry 1971) . A small hole big enough to allow the capsule to be threaded completely onto the pine needle was made in each end of the capsules by using a dissecting pin. This gave easy access to the aphid because the capsule could be opened and closed along the needle. A single apterous adult was placed on the pine needle inside the capsule.
Adults within the capsules were monitored daily. Newborn nymphs (Ͻ24 h old) were removed from the capsules by using a Þne sable paintbrush. At no stage were any exuviae observed associated with the newborn nymphs. Nymphs were either collected and preserved in 80% ethanol or transferred to 10-mo-old P. radiata seedlings held under the same environmental conditions, where they were caged in gelatin capsules.
These older nymphs were then monitored daily until they molted. A subsample of molted nymphs was removed within 24 h of a molt and preserved in 80% ethanol. The remaining nymphs were allowed to continue to grow and molt, with subsamples removed after each molt. Once adulthood was reached the remaining aphids were removed from the trees and preserved. Only apterous adults developed via the methods described here.
All aphids were mounted on slides by using HoyerÕs mounting medium. Body length (BL), hind tibia length (HT), antennal segment III length (Ant.Seg. III), and total antennal length (Total Ant.) were measured using a calibrated graticule on a compound microscope.
Single-factor analysis of variance (ANOVA) was used to determine differences between the mean instar size for all four measurements, and TukeyÕs test was used to compare nonidentical means. The ratio of the mean BL, HT, Ant.Seg.III, and Total Ant. between each life stage (i.e., the interinstar ratio), was determined using DyarÕs rule (Dyar 1890). This states that if an insect increases in size at each molt, each successive instar will be larger by a constant factor, i.e., the ratio of post molt size to pre molt size is a constant. A plot of the logarithms of the means for each peak plotted against the presumed instar number should give a straight line, indicating no instar has been overlooked (Daly 1985) .
To determine the number of instars that occurred in natural populations, a random sample of E. californica was collected from Uriarra State Forest, Australian Capital Territory (35Њ 20Ј S 149Њ 51Ј E) in May 2001. Aphids were collected from a single, 5-yr-old P. radiata tree, by beating six branches and letting the insects fall into a net. E. californica were then sorted from other insects and placed in a vial containing 80% ethanol. All E. californica collected were taken back to the laboratory and mounted on slides by using HoyerÕs medium. The HT of each specimen was then measured, because statistical analysis of the laboratory samples (described above) showed this feature to be highly discriminating between instars.
Results
Only three instars were observed before the adult molt. Size ranges of morphological features for each instar and the adult morph of E. californica are given in Table 1 . Single-factor ANOVA indicated highly signiÞcant differences for all four measurements between instar means: BL [F 0.05 (1) (Table 1) .
The interinstar ratios of each measured morphological feature were sufÞciently similar to preclude the possibility that an intermediary instar had been missed (Table 1) . Plots of natural logarithms of means for BL, HT, Ant.seg.III, and Total Ant. against the associated instar number were all linear, suggesting no missing instars (Fig. 1) .
Hind tibia measurements of E. californica collected from the Þeld were used in a frequency distribution to determine the number of instars. Peaks in the frequency distribution were consistent with the means obtained from the laboratory experiment, as was over- lap between the third instar and adult life stages (Fig.  2) .
Discussion
This study provides new information on the biology of E. californica by demonstrating that the apterous morph develops through only three instars. It is generally accepted that most Aphidoidea require four instars to develop through to adult (Heie 1980 , Blackman 1987 , with only a few instances reported of aphids having fewer instars. These include Cinara (Lachnus) thujafoliae Theob (Takahashi 1924) and Cinara cupressivora Watson & Voegtlin (previously identiÞed as Cinara sp. nov) (Kairo and Murphy 1999) in the Lachnidae; Astegopteryx spp., Oregma spp., Hamamelistes spinosus Shimer, and Hermaphis hamamelidis Fitch (Takahashi 1924) in the Hormaphidae; and one species of Aphididae, Hyaphis coriandri Das (Kumar and Sagar 1996) . Kairo and Murphy (1999) suggested that the reduced number of instars in C. cupressivora was related to its feeding habits. Nymphs of this species need to be large at birth to possess stylets long enough to exploit and penetrate feeding sites on host stems and branches. The length of stylets of Þrst instar barkfeeding aphids has been demonstrated to be much longer than their total body length, showing that the size of the aphid is correlated with the depth of the phloem elements in which it feeds (Dixon 1998). Kairo and Murphy (1999) therefore hypothesized that the loss of one instar may be related to the fact that nymphs need to be very big at birth. The reduction in the number of instars in the Hormaphididae could be a specialization related to their highly parasitic life style as gall formers (Price 1980 .
E. californica however, uses a life history strategy that is very different from these species. E. californica are solitary aphids that move rapidly when disturbed (Blackman and Eastop 1994; Sorensen 1991 Sorensen , 1994 . Individuals feed alone rather than in colonies (Ohmart 1981) , although groups may aggregate facultatively (Sorensen 1994, Carver and Kent 2000) . Aggregations typically associated with other aphid species act as physiological sinks, directing phloem-transported nutrients to the colony from other parts of the plant (Murdie 1969 , Dixon and Wratten 1971 , Kidd and Tozer 1985 . Aggregations also afford a degree of defense against predators and parasitoids through the use of alarm pheromones, contact communication, or soldier castes (Kidd 1982 . It is possible that the lack of aggregation behavior in E. californica is associated with its observed reduced number of instars. Without a defense strategy based on aggregation, E. californica relies on its small, elongate body shape and fast movements to avoid predators. This hypothesis is consistent with Enders (1976) who discussed how small spiders that are highly dispersible and susceptible to predation develop rapidly compared with larger, territorial species, not through changes in the inter instar ratio, but by developing through one or two fewer instars.
E. californica has likely had a long association with its Pinus hosts, a link that Sorensen (1994) sees as integral to interpreting their evolution. As with other Lachnidae, the conifer as host implies the possible early origin of this taxon within the Aphidoidea. Is the development of E. californica aptera through only three instars a stable reproductive feature or a more recent adaptation? The development of the sexual morphs of E. californica in its native habitat, and the development of the alate morphs needs to be investigated to clearly answer this question. In addition, there are the differing views present with regard to the relationship of lachnids to other aphids (Eastop 1973, Fig. 1 . Natural logarithm of mean body length (millimeters) (ࡗ) (y ϭ 0.0459x ϩ 0.2444, R 2 ϭ 0.9967), hind tibia length (micrometers) (Ⅺ) (y ϭ 0.1109x ϩ 2.4098, R 2 ϭ 0.9953), antennal segment III length (micrometers) (OE) (y ϭ 0.04x ϩ 2.0053, R 2 ϭ 0.7267), and total antennal length (micrometers) (F) (y ϭ 0.082x ϩ 2.4068, R 2 ϭ 0.9746) of E. californica plotted against instar number. (Table 1 ). The horizontal lines above each arrow indicates the size range of each corresponding life stage collected in the Þeld. Heie 1987 , Shaposhnikov 1987 , Normark 2000 . Possibly more information on lachnid development patterns may help in clarifying their phylogenetic position.
The three-instar life history strategy used by E. californica may have allowed this aphid to become a successful invasive species outside its native habitat. Given its tendency toward anholocycly and its rapid development due to fewer instars, E. californica has been able to rapidly colonize most Pinus species since its recent introduction into Australia. It is this ability that will ensure that E. californica remains a permanent feature of the Australian commercial plantation pine industry.
